We investigated expression of genes mediating elemental cycling at the microspatial scale in the ocean's largest river plume using, to our knowledge, the first fully quantitative inventory of genes and transcripts. The bacterial and archaeal communities associated with a phytoplankton bloom in Amazon River Plume waters at the outer continental shelf in June 2010 harbored ∼1.0 × 10 13 genes and 4.7 × 10 11 transcripts per liter that mapped to several thousand microbial genomes. Genomes from free-living cells were more abundant than those from particle-associated cells, and they generated more transcripts per liter for carbon fixation, heterotrophy, nitrogen and phosphorus uptake, and iron acquisition, although they had lower expression ratios (transcripts·gene −1 ) overall. Genomes from particle-associated cells contributed more transcripts for sulfur cycling, aromatic compound degradation, and the synthesis of biologically essential vitamins, with an overall twofold up-regulation of expression compared with free-living cells. Quantitatively, gene regulation differences were more important than genome abundance differences in explaining why microenvironment transcriptomes differed. Taxa contributing genomes to both free-living and particle-associated communities had up to 65% of their expressed genes regulated differently between the two, quantifying the extent of transcriptional plasticity in marine microbes in situ. In response to patchiness in carbon, nutrients, and light at the micrometer scale, Amazon Plume microbes regulated the expression of genes relevant to biogeochemical processes at the ecosystem scale.
metatranscriptomics | metagenomics | biogeochemistry | gene expression ratios | marine bacteria M icrobially mediated biogeochemical transformations in the ocean take place within a poorly characterized matrix of particles, colloids, and dissolved phase materials (1) (Fig. 1 ). This microspatial structure affects the taxonomy and functional gene inventories of microbial communities (2, 3) , driven by differences in nutrient concentrations, light exposure, oxygen availability, and predation (4, 5) , and undoubtedly affects the types and rates of biogeochemical processes occurring as well. Bacteria associated with particulate material have higher rates of extracellular enzyme activity (6, 7) and metabolism (8, 9 ) compared with free-living (FL) cells. However, these differences remain difficult to measure and challenging to link to biogeochemistry.
The microspatial structure of the Amazon River Plume is strongly influenced by the mixing of riverine dissolved organic carbon (DOC) and particulate organic carbon (POC) into the tropical Atlantic. Fluvial export from the Amazon River amounts to 22.3 Tg·y −1 of DOC and 13.7 Tg·y −1 of POC (10) and equals that of the next eight largest rivers of the world combined (11) . Although relatively dilute compared with other rivers (12) , this mixture of dissolved and particulate nitrogen, phosphate, silica, and iron that is delivered to the ocean stimulates marine microbial activity and affects both primary productivity and carbon sequestration at a global scale (13) .
Here, a metaomics methodology benchmarked with internal standards (14) was used to assemble, to our knowledge, the first fully quantitative inventories of microbial genes and transcripts in a natural ecosystem, producing a highly resolved view of gene expression driving carbon and nutrient flux through FL and particle-associated (PA) microbes of the Amazon Plume. We compare the level of transcription for the same gene in each microenvironment, enumerate transcripts mediating key carbon and nutrient transformations, and predict the biogeochemical roles of transcriptionally active FL and PA cells.
Results and Discussion
A Quantitative Multiomics Dataset. Inventories of microbial genes and transcripts were obtained from PA and FL cells (defined operationally as PA, >2.0 μm; FL, 0.2-2.0 μm) in Amazon Plume waters at the outer continental shelf in July 2010 (station 10). Coverage of eukaryotic transcripts was improved by additionally targeting poly(A)-tailed mRNAs in the PA fraction (Fig. 1 ). Each sequence library obtained in duplicate for the three metaomics data types contained 1.2-11 × 10 6 possible protein-encoding reads averaging 190 nt. The eukaryotic community was dominated by sequences that binned to the genomes of diatoms Thalassiosira pseudonana, Phaeodactylum tricornutum, and Odontella sinensis and the green picoeukaryote Micromonas sp. RC299; direct microscopic observation confirmed a dense multispecies diatom bloom. We focus here on analysis of the genes and transcripts from Bacteria and Archaea [hereafter referred to as prokaryotes (15) ], accounting for ∼70% of the annotated reads.
Based on internal standard recoveries, the sequencing depth for each sample (percentage of sampled genes or transcripts sequenced) ranged from 1.5 × 10 −6 to 8.7 × 10 −4 (SI Appendix, Table   Significance The microbial community of the Amazon River Plume determines the fate of the world's largest input of terrestrial carbon and nutrients to the ocean. By benchmarking with internal standards during sample collection, we determined that each liter of plume seawater contains 1 trillion genes and 50 billion transcripts from thousands of bacterial, archaeal, and eukaryotic taxa. Gene regulation by taxa inhabiting distinct microenvironments provides insights into micron-scale patterns of transformations in the marine carbon, nitrogen, phosphorus, and sulfur cycles in this globally important ecosystem. S1), leading to estimates of prokaryotic gene and transcript numbers per liter of seawater of ∼1 × 10 13 and 5 × 10 11 (Table 1) . Two independent measures of prokaryotic cell abundance provided a check on quantitation from internal standard recoveries. First, flow cytometric counting indicated 5.8 × 10 9 cells·L −1 at this station, whereas standard-normalized metagenomic read counts estimated 3.6 × 10 9 cells·L −1 ( Table 2) . Second, direct microscopic counts of phycoerythrin-and chlorophyll-a fluorescing cells indicated 6.9 × 10 8 cells·L −1 for Synechococcus (16), whereas calculated genome equivalents based on standard-normalized metagenomic data were 6.8 × 10 8 cells·L −1 ( Table 2 ).
Natural History of Amazon Plume Prokaryotes. Protein sequence comparisons against reference genomes indicated that the prokaryotic assemblage was dominated by Cyanobacteria in the Synechococcaceae family and heterotrophic bacteria in the Gammaproteobacteria, Bacteroidetes, and Alphaproteobacteria. The average percentage identity between the metagenomic reads and the reference proteins they binned to ranged from 62% to 92% for the dominant taxa ( Table 2 ). About 0.1% of metagenomic reads contained 16S rRNA gene fragments, and the taxonomic distribution of these matched the metagenomic protein binning and the patterns of PCR-amplified 16S rRNA genes (SI Appendix, Fig. S1 ).
Prokaryotic genes in the Amazon Plume were present in higher copy number than the mRNAs produced from them. This is consistent with earlier studies of Escherichia coli (17) and marine bacterioplankton (18, 19) and reflects a small and dynamic mRNA pool in environmental cells. Genes were split 68%/32% between the FL and PA fractions, and transcripts were split 49%/51%. Thus, per-gene expression levels were twofold greater for PA cells than FL cells (Table 1) , a finding in line with previous reports of higher rates of growth and enzymatic activity for attached cells (6) . Approximately 99% of prokaryotic genes and transcripts were bacterial and ∼1% were archaeal. The compositional difference between FL and PA prokaryotes was small at station 10. Although disruption of the microspatial structure during sampling could homogenize the communities, samples collected identically from other stations had distinct compositional differences between microenvironments (SI Appendix, Fig. S2 ). There were also substantial differences in transcription patterns between size fractions within a single genome bin at this station (SI Appendix, Fig. S3 ).
Transcript Inventories of Biogeochemically Relevant Genes. Transcript abundance per liter of seawater ( Fig. 1) was determined for prokaryotic genes involved in transport, fixation, and metabolism of C, N, P, and S (SI Appendix, Table S2 ). Counts ranged from near the detection limit at ∼10
5 transcripts·L −1 for phosphonate utilization gene phnG up to ∼2 × 10 9 transcripts·L −1 for proteorhodopsin (Fig. 2) . Most genes had higher transcript counts in the FL microenvironment ( Fig. 2 ) due in part to the greater abundance of FL genomes ( Table 2 ). These included genes involved in heterotrophic C metabolism (12 of 15), phototrophy (5 of 10), N cycling (5 of 7), P cycling (10 of 15), and motility (5 of 5). Only a few genes had transcript inventories biased toward the PA community; these included vitamin B6 biosynthesis gene pdxH; S cycling genes cysI, soxB, and dmdA; and aromatic ring cleavage gene pcaH (Fig. 2) . Summing across genes with related functions, a liter of seawater at this plume station contained more transcripts mediating C and N cycling originating from genomes of FL cells but more transcripts for vitamin biosynthesis and S cycling from PA cells. Table S1 ). *Replicate samples analyzed for each size fraction and data type are shown. † Post-quality control sequences.
and aromatic compound metabolism (pcaH but not lignin-related vanA). Only one heterotrophy gene was significantly up-regulated in FL cells, and this mediates the degradation of cellular carbon reserves (phaZ) and does not contradict the higher organic C availability signal for PA cells. Up-regulated genes in PA prokaryotes also included those for synthesis of vitamin B6 (pdxH) and B1 (thiL) required for amino acid and central carbon metabolism (20, 21) . Genes for uptake of siderophore-bound Fe and Fe +2 were upregulated in genomes from PA cells as well, possibly linked to the role of iron-sulfur clusters and heme in respiratory chains and TCA cycle enzymes. Thus, although PA prokaryotes contributed fewer transcripts to the water column, they were more transcriptionally active per gene in C heterotrophy than FL cells.
Among nutrient acquisition genes, those encoding P uptake had the greatest differences in regulation between microenvironments. Low-affinity phosphate transporter pitA was up-regulated in the PA transcriptome, and high-affinity pstA was up-regulated in the FL transcriptome (Fig. 3) . Together with the up-regulation of phosphonate transporter gene phnE by FL genomes, turnover of labile P in bulk seawater is predicted to be more rapid and competition more intense compared with particle microenvironments. For N cycle genes, differences in expression levels were smaller, and N availability status was therefore predicted to be more similar between microenvironments. An exception was a dissimilatory nitrate reductase homolog binning exclusively to Thaumarchaeota genomes and up-regulated in the FL fraction, although the function of the nirK homolog in Thaumarchaeota is uncertain (22) . Expression ratios were higher in PA cells for genes that mediate organic and inorganic S metabolism, including dimethylsulfoniopropionate (DMSP) and sulfate. Thus, although nutrient concentrations at this station (0.2 μM NO x , 0.4 μM PO 4 ) were high compared with more offshore regions of the plume, transcription patterns suggested microscale differences in their availability and turnover. Genes associated with light harvesting were also expressed differently (Fig. 3) ; FL cells had higher expression of genes for autotrophic light utilization [photosynthesis and C fixation genes pufM, psbB, «-CA, and rbcL (type IA)], whereas PA cells had higher expression of photoheterotrophic light utilization (proteorhodopsin). FL prokaryotes also had higher expression ratios of flagellar genes (Fig. 3) .
Gene Abundance Versus Gene Regulation. Three reference genomes with high sequence coverage were used for taxon-specific determinations of whether genome abundance (genomes·L ) contributed more to differences in microenvironment transcriptomes. The potential complication that a genome bin was derived from different populations in each microenvironment was considered. However, analysis of percentage identity patterns for three housekeeping genes (rpoB, gyrB, and recA) indicated that although genomes may recruit more than one population, the relative population abundances did not differ substantively between FL and PA fractions for the Synechococcus sp. CB0205, Pelagibacter sp. HTCC7211, and gammaproteobacterium HTCC2070 bins (SI Appendix, Fig. S4 ).
Regarding genome abundance differences, Synechococcus sp. CB0205-like populations had 1.6-fold fewer genomes·L −1 in the PA microenvironment. Regarding gene regulation differences, all metabolic pathways in CB0205 that exhibited significant differences in expression levels were down-regulated in PA cells compared with FL cells (62 pathways; Table 3 ). These included pathways related to autotrophy (photosynthesis, carotenoid biosynthesis, and C fixation), as well as biosynthesis of amino acids, fatty acids, and peptidoglycan (Table 3 ). At the individual gene level, a total of 516 were down-regulated in PA cells compared with FL (SI Appendix, Table S3 ). Among them were genes transcribed by picocyanobacteria when experiencing N limitation (ntcA; Data are based on replicates ACM3, ACM4, ACM11, and ACM12, and size fractions are summed. *Genome equivalents for the 250 most abundant taxa (75% of prokaryotic genes) = 2.7 × 10 9 . The direct cell count at station 10 was 5.80 × 10 9 cells·L −1 .
fourfold down-regulated) and P limitation (pstS; sixfold downregulated) (23, 24) . Only 23 individual genes were up-regulated in PA cells, including stress-related proteins (universal stress protein, peroxiredoxin, and glutaredoxin) and cell-wall-modifying proteins (SI Appendix, Fig. S5 and Table S3 ). Overall, the transcriptome of CB0205-like cells was affected equally and in the same direction by genome abundance and gene regulation factors; when averaged across the genome, PA genes were less abundant by ∼1.6-fold and less transcriptionally active by ∼1.6-fold (Fig. 4 and SI Appendix, Fig. S5 ). The two heterotrophic taxa likewise had lower abundance of PA genomes (2.2-fold for Pelagibacter sp. HTCC7211 and 2.6-fold for gammaproteobacterium HTCC2080; Fig. 4 ) but different gene regulation patterns compared with the Synechococcus bin. For HTCC7211, all metabolic pathways with differences in expression levels (39 pathways) were up-regulated in PA compared with FL cells (Table 3) , including amino acid, nucleic acid, carboxylic acid, C1 compound, and taurine metabolism pathways (Table 3) . For gammaproteobacterium HTCC2080, 31 metabolic pathways were up-regulated in PA cells, including carboxylic and fatty acid metabolism and siderophore production, whereas three were down-regulated, including flagellar assembly (Table 3 ). At the individual gene level, HTCC7211 had 84 genes up-regulated in PA compared with FL cells, and HTCC2080 had 44 (SI Appendix, Tables S4 and S5 ). Stress-related functions (heat shock protein, acid tolerance protein, chaperones, and GST) and transporters (ammonium, amino acids, taurine, polyamine, and glycine betaine; SI Appendix, Fig. S5 ) were represented. Overall, genome abundance and gene regulation differences worked in opposite directions in the HTCC7211 and HTCC2080 bins; when averaged across the genome, cells assigned to these two heterotrophic taxa were less abundant by ∼2.5-fold but more transcriptionally active by ∼three-to fourfold when associated with particles (Fig. 4) .
A Prokaryotic Perspective on Amazon Plume Biogeochemistry. High rates of C fixation and a deficit of dissolved inorganic C in the water column (∼100 μmol·L −1 ) signaled a major system shift to net autotrophy at station 10, driven by release from light limitation and stimulation by river-derived nutrients. This hotspot of primary production was upstream of an area of high POC deposition (25) , indicative of sequestration of new production in nearby continental slope sediments. Surface water was dominated by dense populations of coastal diatom species, suggesting substantial contributions by these cells to the particulate material. Indeed, phytoplankton C accounted for ∼80% of POC (676 μg·C·L
estimated from cell count and biovolume measures, compared with 842 μg·C·L −1 total POC), in agreement with δ
13
C analysis and terrestrial biomarker concentrations (triterpenoids, C29-sterols, isoprenoids, and selected sugars) that suggested only 10-20% terrestrial POC.
Within this matrix of marine and terrestrial organic matter, the up-regulation of photosynthesis genes in FL cells of the dominant prokaryotic primary producers in the Synechococcus clade ( Fig. 3 and SI Appendix, Fig. S6 ) accords with their higher abundance in FL microenvironments in this study (Table 2) and others (2) . Synechococcus transcription patterns also suggested greater nutrient competition when free living based on N and P stress genes ntcA and pstS, and this may reflect higher nutrient demand in support of photosynthetic activity as well as lower nutrient availability to cells in the FL microenvironment. Expression of nitrate and nitrite transporters in both microenvironments indicated that Synechococcus competed with eukaryotic primary producers for riverine-derived N (Table 3 and SI Appendix, Table  S3 ). Although the ∼1-μm-diameter cells are not typically thought to sink efficiently in the ocean, some studies suggest that picophytoplankton indeed contribute to deep flux in proportion to their biomass (4, 26) . At this outer plume station, picocyanobacteria accounted for ∼12% of prokaryotic cells (∼10 9 ·L −1 ) ( Table 2) , a value at the upper range for coastal oceans. In contrast, the photoheterotrophic prokaryotes showed higher expression ratios of light-capturing proteorhodopsin in the particle microenvironment (Fig. 3) , with transcripts dominated by Flavobacteria and SAR116. The SAR11 HTCC7211 bin differed from this pattern in having similar proteorhodopsin expression ratios in both microenvironments (1.0 and 0.8 transcripts·gene −1 ), and previous studies agree that SAR11 proteorhodopsin genes are not highly regulated (27) . Aerobic anoxygenic phototrophy appeared insignificant here, given gene counts and expression ratios ∼2 orders of magnitude lower for bchX, pufL, and pufM compared with proteorhodopsin and the oxygenic photosynthesis genes (Fig. 3) . Overall, transcription patterns suggest that micrometer-scale heterogeneity within a single water depth influences the rates and location of prokaryotic phototrophic activity.
A persistent question in microbial biogeochemistry is whether the typically higher activity of less abundant PA cells outweighs the typically lower activity of more abundant FL cells in mediating biogeochemical transformations (2, 6) . For the 74 biogeochemically relevant genes assayed here, there were five answers to the question (Fig. 5) . One gene class was up-regulated sufficiently strongly in PA cells (∼fivefold greater than in FL) that they dominated the community transcriptome despite fewer genomes in this microenvironment; this group included functions related to S cycling, vitamin biosynthesis, and aromatic compound degradation. Another gene class was significantly up-regulated in PA cells, but the fold difference (three-to fourfold) was insufficient to overcome genome abundance differences and the community transcriptomes had statistically indistinguishable representation; this group included genes for Fe acquisition, P storage, S transformation, and vitamin biosynthesis. For the three remaining outcomes, significantly more transcripts were contributed by cells in the FL microenvironment. These consisted of a gene group upregulated in PA cells but at fold differences insufficient to make up for the greater number of FL genomes (∼1.5-to twofold; proteorhodopsin, C heterotrophy, and other Fe and S genes), a group with no difference in expression ratios but for which there were more transcripts produced by the more numerous FL cells (phosphate and phosphonate acquisition genes), and a group up-regulated in FL prokaryotes (∼threefold greater than in PA) and dominating the community transcriptome (up to 10-fold; CO 2 fixation, motility, and P acquisition; Fig. 5 ).
The importance of microspatial partitioning of microbial activities in the ocean was first suspected based on differences in taxonomic composition between FL and PA cells (8) and later supported by analysis of gene inventories (2, 3) . At the transcriptome level, contributions are determined not just by the abundance of each taxon's genome but also by the regulation of its genes. By benchmarking with internal standards, differences in gene regulation were determined to be more important than differences in genome counts in explaining transcriptome composition at this Amazon Plume station. Up to 65% of the genes in individual taxa exhibited significantly different expression when FL and PA cells were compared (Fig. 4) ; on average, PA cells had twice as many transcripts as FL cells (Table 1) ; and expression of biogeochemically relevant genes varied by up to sixfold between the microenvironments (Fig. 3) . With the important caveat that mRNA abundance cannot be interpreted as a proxy for elemental flux (19) , we hypothesize that the FL prokaryotic community contributed more to C fixation, heterotrophy, N and P uptake, and iron acquisition than the PA community in this ecosystem, whereas the PA community contributed more to S cycling, aromatic compound degradation, and the synthesis of biologically essential vitamins. The scale of spatial heterogeneity relevant to ecological processes (1) is indeed at the micrometer level in this ecosystem, with patchiness in abundance and regulation of prokaryotic genes within a single water mass signaling the partitioning of functions that drive elemental cycling.
Materials and Methods
Surface seawater was collected ∼500 km north of the Amazon River mouth in June 2010. Two size fractions were obtained by sequential filtration of 156 μm prefiltered water through 2.0 μm and 0.2 μm pore size membrane filters. Duplicate metagenomes and metatranscriptomes were obtained from each fraction as 2 × 150 bp reads. Internal standards were added immediately before cell lysis in known copy numbers (SI Appendix, Table S1 ). Assignment of reads to taxonomic bins and functions was based on Blastx searches against RefSeq or a custom database of 74 selected genes. Detailed sample collection, processing, and statistical analysis methods can be found in SI Appendix, Supplemental Methods. Outcome of differential transcript inventories and expression ratios for biogeochemically relevant genes. Inventory ratios are plotted on the x axis and gene expression ratios on the y axis. Green symbols, genes upregulated in the PA fraction and in greater abundance in the PA community (circles), no difference in abundance between PA and FL communities (triangles), or greater abundance in the FL community (diamonds). Gray symbols, genes not up-regulated in either fraction, but in greater abundance in the FL community. Maroon symbols, genes both up-regulated and more abundant in the FL community. Gene abbreviations are as in the Fig. 2 legend. 
